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Abstract
Methanolic extracts of microshoots from agar cultures and of microshoots and media from agitated cultures of Scutellaria 
lateriflora grown on identical five variants of the Murashige-Skoog (MS) and Linsmaier-Skoog (LS) media with different 
6-benzyladenine (BA) and 1-naphthaleneacetic acid (NAA) concentrations (0.5–3.0 mg/l) were analyzed for flavonoids (27 
compounds), phenylpropanoid glycosides (2 compounds) and phenolic acids (19 compounds) using the DAD-HPLC method. 
The amounts of individual compounds and total amounts of the above mentioned metabolite groups in the biomass from 
both types of the tested cultures were dependent on the composition of basal media and concentrations of BA and NAA in 
the media variants. In media extracts, no metabolites were confirmed. Higher total amounts of flavonoids were obtained in 
agar cultures (max. 722.04 and 2989.55 mg/100 g DW on MS and LS media variants, respectively), which were 1.1 and 1.7 
times higher, respectively, than in agitated cultures. In both types of cultures, glycosidic conjugates: baicalin and wogono-
side were the main flavonoids (max. amounts: 513.93 and 1838.18 mg/100 g DW, and 305.92 and 700.85 mg/100 g DW 
in agar cultures on MS and LS variants, respectively). High amounts of verbascoside in agar cultures were also confirmed 
(max. 384.99 and 543.17 mg/100 g DW on MS and LS media variants, respectively). The cells grown in agitated cultures 
converted exogenous precursors, i.e. hydroquinone (HQ) and 4-hydroxybenzoic acid (4-HBAc) into arbutin (β-d-glucoside 
of HQ). The highest amount of this product reached 5.63 and 1.45 g/100 g DW after the addition of these two precursors, 
respectively. This is the first large-scale report documenting in vitro biosynthetic potential of Scutellaria lateriflora micro-
shoots cultivated in two tested culture.
Key message 
After testing of 10 media variants in two types of in vitro cultures high amounts of flavonoids (app. 3 g%) and verbascoside 
(0.54 g%) were obtained. Additionally, 5.6 g% of arbutin as hydroquinone β-d-glucosylation product was confirmed.
Keywords American skullcap · In vitro culture · Scutellaria specific flavonoids · Verbascoside · Arbutin · HPLC analysis
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BA  6-Benzyladenine
3,4-DAc  3,4-Dihydroxyphenylacetic acid
DAD-HPLC  Diode-array detector—high performance 
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DW  Dry weight
FM  Fresh biomass
4-HBAc  4-Hydroxybenzoic acid
HQ  Hydroquinone
LS  Linsmaier and Skoog
MS  Murashige and Skoog
NAA  1-Naphthaleneacetic acid
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PGRs  Plant growth regulators
PhAcs  Phenolic acids
Introduction
Scutellaria lateriflora L. (American skullcap) is a species 
that has long been used in traditional North American medi-
cine (Millspaugh 1974). At present, it has an important posi-
tion in the official USA therapy (Upton et al. 2011).
The main ingredients of the raw material, which is the 
herb of this species, include flavonoids specific for the genus 
Scutellaria, aglycones (e.g. baicalein, wogonin, oroxylin A 
and scutellarein) and glucuronides (baicalin, wogonoside, 
scutellarin) and other flavonoid compounds common in the 
plant kingdom (e.g. luteolin and apigenin) (Choi et al. 2002; 
Barnes et al. 2007; Shang et al. 2010). The raw material 
also contains iridoid compounds (e.g. catalpol), phenylpro-
panoid glycosides (e.g. verbascoside), phenolic acids (caf-
feic, chlorogenic, p-coumaric, ferulic, protocatechuic and 
rosmarinic acids) and cinnamic acid (Kawka et al. 2017; 
Upton and DAyu 2012). Chemical components found in this 
species determine its sedative and anticonvulsant properties 
(Kim et al. 2014; Zhang et al. 2009). Herb of S. lateriflora 
is used for the treatment of epilepsy (grand mal), hysteria 
and various neurotic states (Awad et al. 2003, Upton and 
DAyu 2012).
The biotechnological studies of this species are modest. 
They were mainly focused on evaluation of the usefulness 
of “hairy root” cultures as a source of secondary metabolites 
(Marsh et al. 2014; Wilczańska-Barska et al. 2012). The pro-
tocols for the micropropagation are also available (Tascan 
et al. 2010; Cole et al. 2007, 2009).
Having successfully established Scutellaria lateriflora 
microshoot cultures, our team had begun research on the 
endogenous accumulation of bioactive metabolites: flavo-
noids, phenylpropanoid glycosides and phenolic acids. The 
influence of the light conditions (monochromatic lights, 
white light and darkness) on the accumulation of these three 
groups of metabolites in agar culture was investigated ear-
lier. That study showed the greatest effect of blue light on the 
accumulation of metabolites (Kawka et al. 2017).
Apart from light conditions, other factors influence the 
production of bioactive compounds (Ramawat and Mathur 
2007; Murthy et al. 2014). The present work evaluated the 
influence of basal media composition (Murashige-Skoog—
MS, Linsmaier-Skoog—LS) and concentration of selected 
plant growth regulators (PGRs) (6-benzyladenine—BA and 
1-naphthaleneacetic acid—NAA) on the accumulation of 
flavonoids, phenylpropanoid glycosides and phenolic acids 
in two types of culture, namely agar and agitated cultures. 
Methanolic extracts of the biomass from both types of cul-
ture and media from agitated cultures harvested after 4-week 
culturing cycles were subjected to quantitative determina-
tions using DAD-HPLC. The aim of the experiment was to 
identify the best conditions for biomass growth and accu-
mulation of metabolites.
Additionally, bioconversion capability of the cells of 
microshoots maintained in agitated culture on MS medium 
supplemented with BA + NAA (1.0 + 0.5 mg/l) was inves-
tigated, with special focus on the bioconversion of the 
exogenous hydroquinone (HQ) and 4-hydroxybenzoic acid 
(4-HBAc) into arbutin (β-D-glucoside of HQ), which is 
important for medicinal applications and in cosmetology. 
In in vitro cultures of some plant species, it was possible to 
obtain via biotransformation high amounts of this product 




The in vitro microshoot cultures of the S. lateriflora were 
established from seeds acquired in 2015 from W. J. Beal 




The agar cultures were maintained on solid (Phyto agar, 
Duchefa Biochemie, Haarlem, The Netherlands) MS medium 
(Murashige and Skoog 1962) and LS medium (Linsmaier 
and Skoog 1965) variants with different concentrations of 
BA and NAA (pH 5.7): BA (1.0 mg/l) + NAA (1.0 mg/l); 
BA (2.0 mg/l) + NAA (2.0 mg/l); BA (3.0 mg/l) + NAA 
(1.0  mg/l); BA (1.0  mg/l) + NAA (0.5  mg/l); BA 
(0.5 mg/l) + NAA (2.0 mg/l). The cultures (0.5 g inocu-
lum of fresh biomass—FM) were grown in Erlenmeyer 
flasks (100 ml) under constant (24/24 h), artificial light 
(16 μmol/m s, LF-40 W lamp, daylight, Piła, Poland) at 
25 ± 2 °C and were subcultured every 4 weeks (three series). 
Agitated cultures were maintained on the same five different 
variants of MS and LS media as the agar cultures, under the 
same light conditions, in Erlenmeyer flask (500 ml) contain-
ing 150 ml of medium and 0.5 g of FM inoculum, on a rotary 
shaker (Altel, Łódź, Poland), operating at 140 rpm with an 
amplitude of 35 mm, for 4 weeks (three series). In both types 
of cultures, the biomass was collected after 4-weeks and 
dried. Media from agitated cultures were lyophilized. The 
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biomass increments were calculated by dividing the sample 
DW by the DW of inoculum.
Extraction and DAD‑HPLC analysis
Ellnain-Wojtaszek and Zgórka method with our modifica-
tions (Sułkowska-Ziaja et al. 2017) was used to quantify 27 
flavonoids, 19 phenolic acids, benzoic and cinnamic acids, 2 
phenylpropanoid glycosides. For details see Supplementary 
data.
Biotransformation experiments
Agitated cultures were maintained in 500  ml Erlen-
meyer flasks, with 100 ml of the MS medium with BA 
(1.0 mg/l) + NAA (0.5 mg/l) (pH 5.7) and the inoculum 1 g 
of FM under the same culture conditions as in the above-
mentioned experiment.
Substrates: HQ (Merck, Darmstadt, Germany) or 4-HBAc 
(Sigma-Aldrich, St. Louis, USA) were introduced as aque-
ous solutions (1 or 2 g/l) 14 days after inoculation. The solu-
tions were aseptically administered into the culture flasks 
using a 0.22 μm membrane filter (Merck-Millipore, Darm-
stadt, Germany). At the same time, 100 ml of fresh medium 
was added to each flask. The precursors were administered 
in a single dose or two and three portions were added at 
24 h intervals. The final concentrations of each precursor 
were: 96, 144, 192, 288, and 384 mg/l of the medium. The 
biomass and culture media were harvested separately 24 h 
after addition of the last dose of the precursors. The biomass 
was dried while the media were lyophilized. The experi-
ment comprised three independent series. The method by 
Štambergová et al. (1985) was used to quantify arbutin, HQ 
and 4-HBAc determination. For details see supplementary 
data.
Statistical analysis
The results were expressed as the means ± SE of three inde-
pendent experiments. The analysis of variance (ANOVA) 
and the Scheffé post-hoc test were conducted for each 
metabolite content against culture medium variant (STA-




Out of 27 flavonoids tested, almost all analyzed extracts 
were evidenced to contain 6 specific Scutellaria flavonoids 
(baicalein, baicalin, wogonin, wogonoside, scutellarin, 
oroxylin A), but no flavonoids common in the plant kingdom 
were detected. None of the extracts was found to contain 
scutellarein. Out of 2 analyzed phenylpropanoid glycosides, 
the presence of verbascoside was confirmed. With regard to 
phenolic acids, out of 19 estimated compounds, only one 
phenolic acid 3,4-dihydroxyphenylacetic acid (3,4-DAc) 
was documented to be accumulated in biomass grown on LS 
media in agar cultures and on MS and LS media in agitated 
cultures. The analyses of the lyophilized culture media did 
not show the presence of metabolites.
Agar cultures—Murashige and Skoog media
The concentrations of the applied PGRs: BA and NAA did 
not have a marked effect on the appearance and degree of 
differentiation of the cultured biomasses. Microshoots were 
green with large, delicate leaves (Fig. 1a). Dry biomass 
increased by from 2.22 to 3.69 times. The highest, 3.69- 
and 3.43-fold increases were obtained on the MS variants 
containing BA (0.5 mg/l) + NAA (2.0 mg/l) and 2.0 mg/l of 
each PGR, respectively (Supplementary Fig. 1).
All the biomass extracts were found to contain five 
flavonoids. No baicalein was found. The contents of 
individual compounds varied from 1.43 to 17.04-fold, 
depending on the concentration of PGRs in the medium 
variants. Two glycosidic conjugates: baicalin and wogon-
oside were the main compounds. The highest baicalin 
content of 513.93 mg/100 g DW was found on the MS 
medium enriched in BA (0.5 mg/l) + NAA (2.0 mg/l). The 
amounts of baicalin accumulated on four remaining tested 
MS variants exceeded 320  mg/100  g dry weight (DW) 
(Table 1). The highest amounts of wogonoside (122.50 and 
305.92 mg/100 g DW) were found on the medium vari-
ants containing BA (1.0 mg/l) + NAA (1.0 mg/l) and BA 
(1.0 mg/l) + NAA (0.5 mg/l) (Table 2). In turn, the maximal 
amounts of wogonin, scutellarin and oroxylin A, did not 
exceed 5.6, 15.6 and 38.7 mg/100 g DW, respectively (Sup-
plementary Table 1). The total amount of flavonoids ranged 
from 382.78 to 722.04 mg/100 g DW. It was high, exceeding 
500 mg/100 g DW on three variants (1.0 mg/l BA + 1.0 mg/l 
NAA, 1.0 mg/l BA + 0.5 mg/l NAA, 0.5 mg/l BA + 2.0 mg/l 
NAA). The highest production was confirmed on the MS 
medium containing BA (1.0 mg/l) + NAA (0.5 mg/l) (Fig. 2).
The amounts of verbascoside varied 2.91-fold 
depending on the MS medium variant, and ranged from 
163.79 mg/100 g DW to 381.73 mg/100 g DW. The amounts 
of this metabolite were greater than 270 mg/100 g DW on 
three MS variants. The highest content was confirmed on 
the medium containing BA (1.0 mg/l) + NAA (1.0 mg/l) 
(Table 3).
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Agar cultures—Linsmaier and Skoog media
Independently of the concentration of PGRs in the medium 
variants, the biomass was composed of only a few green 
shoots with large delicate leaves. The increases in dry bio-
mass were low from 0.81 to max. 1.89 times. The highest 
increase was shown on the LS medium variant containing 
BA + NAA (3.0 and 1.0 mg/l) (Supplementary Fig. 1).
The contents of individual flavonoids varied from 4.23 
to 45.10-fold, depending on concentration of PGRs in the 
medium variants. Two glucuronic conjugates: baicalin and 
wogonoside, were present in large amounts. The concen-
tration of baicalin varied from 223.34 to 1838.18 mg/100 g 
DW. The highest content was found in the microshoots 
growing on the LS medium with BA (1.0 mg/l) + NAA 
(0.5 mg/l). On two other LS variants, the baicalin content 
was high, 407.54 and 408.69 mg/100 g DW (Table 1). The 
concentrations of wogonoside also varied widely, from 
app. 30 to app. 700 mg/100 g DW. The highest contents of 
700.85 and 638.78 mg/100 g DW were found on the two 
variants: containing BA (1.0 mg/l) + NAA (0.5 mg/l) and BA 
(2.0 mg/l) + NAA (2.0 mg/l), respectively (Table 2). On the 
medium containing BA (1.0 mg/l) + NAA (0.5 mg/l), con-
siderable amounts of baicalein (280.53 mg/100 g DW) were 
found. The concentrations of this compound were highly 
variable, from 6.22 to 280.53 mg/100 g DW. The confirmed 
amounts of wogonin differed on the tested LS variants from 
min 22.16 to max 121.82 mg/100 g DW on the medium 
containing BA (2.0 mg/l) + NAA (2.0 mg/l). The amounts of 
scutellarin and oroxylin A, found in biomass extracts varied 
widely from 4.6 to 128.99 and from 14.04 to 59.44 mg/100 g 
DW, respectively (Supplementary Table 1).
The total concentration of flavonoids varied within 
very wide limits from 368.08  mg/100  g DW to about 
3  g/100  g DW. The LS variant supplemented with BA 
(1.0 mg/l) + NAA (0.5 mg/l) was the most favorable for 
accumulation. On two other variants, also high total con-
centrations of flavonoids were obtained: 1181.29 and 
995.43 mg/100 g DW (2.0 mg/l BA + 2.0 mg/l NAA, and 
0.5 mg/l BA + 2.0 mg/l NAA), respectively (Fig. 2).
The amounts of verbascoside were generally highly 
variable by 3.83-fold, and ranging from 141.67 to 
543.17 mg/100 g DW. The highest content was proven in 
extracts from the microshoots from the medium containing 
BA (2.0 mg/l) + NAA (2.0 mg/l). High amounts of 241.24 
and 254.41 mg/100 g DW were confirmed in the case of 
media supplemented with BA (1.0 mg/l) + NAA (1.0 mg/l), 
and BA (1.0 mg/l) + NAA (0.5 mg/l) (Table 3).
The amounts of 3,4-DAc on five LS variants reached 
max 70.47 mg/100 g DW (medium containing BA + NAA, 
2.0 mg/l each) (Supplementary Table 1).
Agitated cultures—Murashige and Skoog media
The applied BA and NAA concentrations in the tested 
media variants did not significantly affect the appearance 
and the degree of differentiation of the cultured biomasses. 
The microshoots were light green and compact. They were 
shorter and had smaller leaves in comparison with agar cul-
ture cultivated on MS media (Fig. 1b). The increases in the 
dry biomass were higher than in agar cultures and ranged 
from 3.43- to 5.10-fold, with the highest increase on the 
medium containing BA (1.0 mg/l) + NAA (1.0 mg/l) (Sup-
plementary Fig 1).
Fig. 1  Experimental microshoots in  vitro cultures of S. lateriflora 
maintained on MS medium variant with BA (1.0  mg/l) + NAA 
(1.0 mg/l): A agar culture, B agitated culture after 4 weeks of growth
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None of the extracts was confirmed to contain oroxylin 
A. The presence of baicalein, was proven only in extracts 
from the microshoots cultivated on two variants of the MS 
medium. The contents of individual flavonoids varied from 
2.80 to 58.06-fold, depending on PGRs concentration. 
The main compounds produced by microshoots included 
also glucuronic conjugates—baicalin and wogonoside. 
The amounts of baicalin varied in a very wide range from 
28 to 490 mg/100 g DW, with the highest amounts in the 
microshoots growing on the MS medium containing BA 
(1.0 mg/l) + NAA (0.5 mg/l). On the variant containing BA 
(1.0 mg/l) + NAA (1.0 mg/l), the amount of baicalin reach 
about 167 mg/100 g DW, but was lower on the remain-
ing variants (Table 1). The amounts of wogonoside were 
also extremely varied from 2.42 to 140.5 mg/100 g DW. 
The highest amount was confirmed, as in the case of bai-
calin, on the MS variants containing BA (1.0 mg/l) + NAA 
(0.5 mg/l) (Table 2). The maximum confirmed amount of 
scutellarin was lower, equal to about 80 mg/100 g DW 
(medium containing 1.0 mg/l BA + 1.0 mg/l NAA) (Sup-
plementary Table 1). The amount of wogonin was no more 
than 33 mg/100 g DW only on one MS medium variant 
(Table 2). The amounts of baicalein (confirmed only on two 
MS variants) were low, equal to 4.64 and 13.01 mg/100 g 
DW, respectively (Table 1). Consequently, the total amounts 
of flavonoids were varied in a very wide range from about 
30 to 660 mg/100 g DW. The highest content was confirmed 
for extracts from the microshoots growing on the medium 
containing BA (1.0 mg/l) + NAA (0.5 mg/l) (Fig. 2).
The amounts of verbascoside varied 13-fold, from about 
6.5 to 84.5 mg/100 g DW. The highest content was con-
firmed for the microshoots cultivated on the medium with 
BA (1.0 mg/l) + NAA (1.0 mg/l) (Table 3).
The amounts of 3,4-DAc ranged from 3.29 to max 
26.52 mg/100 g DW reached on the medium containing BA 
(1.0 mg/l) + NAA (1.0 mg/l) (Supplementary Table 1).
Table 1  The amounts of baicalin and baicalein in extracts from biomass of two types of microshoots in vitro cultures of S. lateriflora maintained 
on media variants with different concentration of plant growth regulators (BA/NAA) after 4 weeks of growth [mg/100 g DW ± SE]
Statistically higher (significant diff. p < 0.05) than: (a) 1.0/1.0, (b) vs. 2.0/2.0, (c) vs. 3.0/1.0, (d) vs. 1.0/0.5, (e) vs. 0.5/2.0 medium variant
(“– “ not detected)
Type of culture Metabolite BA/NAA [mg/l]
1.0/1.0 2.0/2.0 3.0/1.0 1.0/0.5 0.5/2.0
MS agar Baicalin 365.41 ± 62.59 338.59 ± 21.59 322.66 ± 27.36 369.17 ± 2.43 513.93 ± 160.87
Baicalein – – – – –
LS agar Baicalin 408.69 ± 13.45 259.90 ± 25.86 223.34 ± 62.98 1838.18 ± 219.59a,b,c,e 407.54 ± 75.51
Baicalein 12.07 ± 3.29 6.22 ± .39 63.69 ± 8.76 280.53 ± 35.33a,b,c,e 118.26 ± 3.65 a,b,c
MS agitated Baicalin 166.61 ± 45.66 97.45 ± 17.30 28.29 ± 3.76 491.89 ± 83.35a,b,c,e 61.59 ± 12.88
Baicalein 4.64 ± 0.95 – – 13.01 ± 3.51a –
LS agitated Baicalin 440.96 ± 68.99 b,c,e 50.89 ± 14.66a,d 37.47 ± 8.46 842.75 ± 81.41a,b,c,e 109.83 ± 18.66
Baicalein 180.42 ± 33.86 b,c,d,e 13.22 ± 2.32 2.07 ± 0.15 99.33 ± 15.02b,c,e 7.59 ± 1.27
Table 2  The amounts of wogoniside and wogonin in extracts from biomass of two types of microshoots in vitro cultures of S. lateriflora main-
tained on media variants with different concentration of plant growth regulators (BA/NAA) after 4 weeks of growth [mg/100 g DW ± SE]
Statistically higher (significant diff. p < 0.05) than: (a) 1.0/1.0, (b) vs. 2.0/2.0, (c) vs. 3.0/1.0, (d) vs. 1.0/0.5, (e) vs. 0.5/2.0 medium variant
Type of culture metabolite BA/NAA [mg/l]
1.0/1.0 2.0/2.0 3.0/1.0 1.0/0.5 0.5/2.0
MS agar Wogonoside 122.50 ± 3.24b,c,e 34.63 ± 7.71 29.99 ± 6.20 305.92 ± 25.51a,b,c,e 17.95 ± 4.40
Wogonin 5.21 ± 0.59 5.55 ± 1.91 3.89 ± 0.95 5.40 ± 0.69 4.76 ± 1.48
LS agar Wogonoside 82.80 ± 28.49 638.78 ± 67.35a,c,e 31.10 ± 9.91 700.85 ± 84.23a,c,e 359.14 ± 10.80a,c
Wogonin 22.16 ± 1.62 121.82 ± 10.24a,c,e 24.00 ± 1.63 105.96 ± 15.33a,c 63.14 ± 12.40
MS agitated Wogonoside 53.02 ± 12.82 8.17 ± 3.27d 2.42 ± 0.44 140.50 ± 29.92a,b,c,e 14.49 ± 1.71
Wogonin 9.78 ± 1.47 32.73 ± 3.94 a,c,d,e 8.26 ± 1.77 11.80 ± 2.25 8.18 ± 1.98
LS agitated Wogonoside 438.26 ± 60.29b,c,e 183.06 ± 35.94c,e 16.58 ± 4.02 368.60 ± 44.33b,c,e 60.79 ± 9.37
Wogonin 713.53 ± 192.53b,c,d,e 13.82 ± 1.70 14.98 ± 2.68 57.24 ± 5.89 44.03 ± 7.48
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Agitated cultures—Linsmaier and Skoog media
The microshoots in the agitated cultures were shorter and 
more densely leaved than in the agar cultures cultivated on 
LS media. The increases in dry biomass were higher than in 
the agar cultures (3.61- to 4.30-fold). The highest increases 
in microshoot biomass by 4.25- and 4.30-fold was found 
on the media enriched in BA (2.0 mg/l) + NAA (2.0 mg/l) 
and with BA (1.0 mg/l) + NAA (0.5 mg/l) (Supplementary 
Fig. 1).
The contents of individual flavonoids varied 1.44–87.16-
fold, depending on PGRs concentration. Two glucosides, 
baicalin and wogonoside were also the quantitatively domi-
nant compounds. The amounts of baicalin ranging from 
37.47 to max 842.75 mg/100 g DW were reached on the LS 
variant containing BA (1.0 mg/l) + NAA (0.5 mg/l). A high 
content of 440.96 mg/100 g DW was also found in extracts 
from the microshoots growing on the LS variant with BA 
(1.0 mg/l) + NAA (1.0 mg/l) (Table 1). Extracts from the 
microshoots growing on two variants of the LS medium 
were characterized by a high concentration of wogono-
side: 438.26 mg/100 g DW (1.0 mg/l BA + 1.0 mg/l NAA) 
and 368.60 mg/100 g DW (1.0 mg/l BA + 0.5 mg/l NAA) 
















































Fig. 2  Total content of flavonoids [mg/100 g DW ± SE] in methanolic 
extracts from biomass of S. lateriflora microshoots cultured in 2 types 
of in  vitro cultures, agar and agitated, maintained on MS and LS 
media variants with different concentration of plant growth regulators 
(BA/NAA) after 4  weeks of growth. Statistically higher (significant 
diff. p < 0.05) than: a 1.0/1.0, b vs. 2.0/2.0, c vs. 3.0/1.0, d vs. 1.0/0.5, 
e vs. 0.5/2.0 medium variant
Table 3  The amounts of verbascoside in extracts from biomass of two types microshoots in vitro cultures of S. lateriflora maintained on media 
variants with different concentration of plant growth regulators (BA/NAA) after 4 weeks of growth [mg/100 g DW ± SE]
Statistically higher (significant diff. p < 0.05) than: (a) 1.0/1.0, (b) vs. 2.0/2.0, (c) vs. 3.0/1.0, (d) vs. 1.0/0.5, (e) vs. 0.5/2.0 medium variant
Type of culture BA/NAA [mg/l]
1.0/1.0 2.0/2.0 3.0/1.0 1.0/0.5 0.5/2.0
MS agar 381.73 ± 40.18 b 163.79 ± 19.63 255.04 ± 6.32 296.10 ± 18.39 271.24 ± 39.60
LS agar 241.24 ± 29.69 543.17 ± 78.87 a,c,d,e 141.67 ± 28.91 254.41 ± 34.28 183.36 ± 35.68
MS agitated 84.52 ± 12.25 b,c,e 22.61 ± 3.42 6.46 ± 1.65 66.68 ± 15.18 b,c,e 31.69 ± 6.53
LS agitated 286.56 ± 42.18 b,c,d,e 93.46 ± 10.94 36.71 ± 5.08 101.28 ± 21.92 97.84 ± 22.85
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was proven in extracts from the microshoots growing on 
the LS variant enriched in BA (1.0 mg/l) + NAA (1.0 mg/l) 
(Table 1). The proven amounts of wogonin varied widely 
from 13.82 to 713.53 mg/100 g DW. The LS variant contain-
ing BA (1.0 mg/l) + NAA (1.0 mg/l) was the most favorable 
medium for the accumulation of this compound (Table 2). 
The estimated amounts of scutellarin were low on most of 
the tested variants of the LS medium (0.39–31.57 mg/100 g 
DW). The presence of oroxylin A was recorded only in 
extracts from the microshoots growing on two LS variants. 
The amounts of this compound did not exceed 10 mg/100 g 
DW (Supplementary Table 1). The total content of flavo-
noids was also highly varied depending on PGR concentra-
tion in the media variants, from only 78.29 mg/100 g DW 
to about 1.78 g/100 g DW. The highest amounts were found 
in the microshoots growing on the LS variants containing 
BA (1.0 mg/l) + NAA (1.0 mg/l), and BA (1.0 mg/l) + NAA 
(0.5 mg/l) (1775.19 and 1371.28 mg/100 g DW, respec-
tively) (Fig. 2).
The concentrations of verbascoside considerably varied, 
7.8-fold, from about 37 mg/100 g DW to about 290 mg/100 g 
DW. The maximum content was found on the medium con-
taining BA (1.0 mg/l) + NAA (1.0 mg/l). On three other LS 
variants, the amounts of this compound were also high and 
similar (93.46, 97.84, 101.28 mg/100 g DW) (Table 3).
The accumulation of 3,4-DAc was clearly promoted by 
the LS variant with BA (0.5 mg/l) + NAA (2.0 mg/l) (max. 
content of 131.66 mg/100 g DW) (Supplementary Table 1).
Production of arbutin via biotransformation 
of exogenous substrates
The cells of S. lateriflora microshoot cultures convert exoge-
nous substrates: HQ and 4-HBAc into arbutin (β-d-glucoside 
of HQ). The results from other research groups and our ear-
lier experiences documented that high concentration of HQ 
could inhibit biomass growth and even destroy the cells. 
Therefore, we divided the doses of the prcursosrs into 2–3 
portions (Skrzypczak-Pietraszek unpublished). Only at the 
highest HQ and 4-HBAc concentrations (384 mg/l), inhibi-
tion of biomass growth was observed.
When HQ was administered as the prcursor, arbutin was 
mainly accumulated in the cultured biomass; however, anal-
ysis of the media revealed the presence of arbutin of up to 
27%. The biotransformation process showed low efficiency 
of 0.72 to 15.06%. At the lower precursor concentrations 
(96–192 mg/l), the obtained amount of arbutin reached from 
1.34 to max 3.41 g/100 g DW after application of a sin-
gle dose of HQ. At those concentrations, a positive effect 
of dividing the precursor’s dose on arbutin production was 
observed (the production was 1.32–2.64-fold higher at two 
portions and 1.21–2.45-fold higher at three portions) with 
max amount of 4.52 g/100 g DW, at 192 mg/l of HQ, added 
as two portions. Higher concentrations of HQ (288 and 
384 mg/l), were favorable to the biotransformation process. 
The obtained amounts of the product were higher (5.63 and 
5.43 g/100 g DW) after application of a single dose of HQ. 
Dividing these high doses of HQ did not stimulate the pro-
duction of arbutin. The addition of HQ in a dose of 288 mg/l, 
administered in one portion was the most beneficial for the 
production of arbutin (Supplementary Table 1).
The use of 4-HBAc as the precursor resulted in its biocon-
version not only into arbutin, but also into HQ. 4-HBAc is 
an earlier step in the arbutin biosynthetic pathway than HQ, 
and theoretically may also undergo other biotransformations, 
but in the current experiment, the biosynthesis follows the 
pathway, 4-HBAc → HQ → arbutin, shown in Supplementary 
Fig. 2. The first step of biotransformation of 4-HBAc into 
HQ showed an efficiency of 1.60 to 16.56%. The obtained 
amount of HQ ranged from 0.08 to 3.86 g/100 g DW (single 
dose of 4-HBAc), from 0.54 to 3.69 g/100 g DW (two por-
tions) and from 0.44 to 1.99 g/100 g DW (three portions). 
The highest obtained value was confirmed after the admin-
istration of 384 mg/l of 4-HBAc in a single dose. Extracts 
from the biomass and the media were confirmed to contain 
arbutin, too. This means that a part of the resulting HQ had 
undergone the second step of biotransformation into arbutin. 
The efficiency of this stage was very low, max. 2.2%. The 
amount of arbutin ranged from 0.08 to 1.45 g/100 g DW 
(single dose of 4-HBAc), from 0.07 to 0.45 g/100 g DW (two 
portions) and from 0.07 to 0.46 g/100 g DW (three portions). 
The highest obtained value was confirmed after administra-
tion of 144 mg/l 4-HBAc in a single dose.
Discussion
Biomass increments
The increases in dry biomass of S. lateriflora microshoots 
(from 2.22- to 3.69-fold) during 4-week growth cycles 
in agar cultures maintained on MS media variants were 
1.2–4.2-fold higher in comparisons with the increases in 
agar cultures on LS media variants. The maximum increase 
was obtained on the medium with BA (0.5 mg/l) + NAA 
(2.0 mg/l). This MS variant can be proposed as “growth 
medium” for agar cultures, however, the increases are not 
satisfactory enough. Over a period of 4 weeks, 4- to 5-fold 
increases have been obtained on average in in vitro agar cul-
tures of various plant species, e.g. in shoot-differentiating 
callus cultures of S. chinensis on MS media variants (Szopa 
and Ekiert 2011). However, in our experiments with agar 
shoot cultures of A. melanocarpa maintained on MS and 
LS media variants, the dry biomass increments were higher 
on MS media and increased during 4-weeks even 17.2- and 
15.3-fold, respectively (Szopa and Ekiert 2014; Szopa et al. 
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2013). Also, in agar shoot cultures of A. arbutifolia and 
A. × prunifolia during 4-week growth cycles, the dry bio-
mass increments on MS media variants, as documented by 
us, were higher (max. 7.1- and 8.4-fold) (Szopa et al. 2018).
The increases in dry biomass (3.43–5.10-fold) obtained 
during 4 weeks in agitated microshoot cultures of S. lateri-
flora maintained on MS media variants were mostly slightly 
higher (up to 1.41 times) in comparison with the same LS 
variants tested in agitated cultures. The maximum increase 
was obtained on the MS variant with BA (1.0 mg/l) + NAA 
(1.0 mg/l). This MS variant can be proposed as a good 
“growth medium” for agitated cultures. Over a period of 
4 weeks, 4- to 5-fold increases have been obtained on aver-
age in in vitro agitated cultures of various plant species. In 
our earlier studies with Ruta graveolens microshoot cultures 
and R. g. ssp. divaricata shoot-differentiating callus in agi-
tated cultures on LS medium (0.1 mg/l BA + 0.1 mg/l NAA), 
the biomass increments during 6 weeks reached 3.2- and 
3.9-fold, respectively (Ekiert and Czygan 2005) and were 
lower with our current research. However during 60 days 
of agitated microshoot cultures of Schisandra chinensis, we 
obtained max. 15-fold biomass growth on MS media (Szopa 
et al. 2016). By comparison, in microshoot cultures of three 
cultivars of Hypericum perforatum (cvs Elixir, Helos, 
Topas) growing on MS and LS media, max. 9.6- and 9.8-
fold increases in biomass were obtained in a shorter culture 
period (3 weeks).
In both types of S. lateriflora cultures tested by us (agar 
and agitated), the MS medium variants rich in components 
were more conducive to biomass increases in comparison 
with LS media variants. The presence of vitamins, amino 
acid-glycine in the media stimulated the growth of shoots. 
The experiments let us propose MS medium with BA/NAA 
(0.5/2.0 mg/l) and (1.0/1.0 mg/l) as the best “growth media” 
for agar and agitated cultures, respectively.
Endogenous accumulation of flavonoids
The results of HPLC analyses of the biomass extracts of S. 
lateriflora from both tested (agar and agitated) microshoot 
cultures indicated that the cells produced most of all the fla-
vonoids specific for Scutellaria genus. Glycosidic forms of 
these compounds: baicalin and wogonoside were produced 
in high amounts. Aglycones—baicalein, wogonin, oroxylin 
A were accumulated in smaller amounts. In both types of 
cultures, LS media were more beneficial for flavonoid pro-
duction than MS media variants.
In methanolic extracts of biomass from the agar cul-
tures, the total amounts of flavonoids were higher (0.96–5.4 
times) on the LS media variants in comparison with the 
same MS media variants. Different results were obtained 
in H. perforatum cvs agitated cultures. The MS media were 
more beneficial for flavonoid accumulation in Elixir, Helos, 
Topas cvs. in vitro cultures (Kwiecień et al. 2018). The 
maximum total amount of flavonoids (2989.56 mg/100 g 
DW) was confirmed now on the LS medium containing BA 
(1.0 mg/l) + NAA (0.5 mg/l). This amount was about 4 times 
higher than the maximum amount (722.04 mg/100 g DW) 
on the MS variant. This LS variant could be proposed as a 
“productive” medium for total flavonoids. However, very 
low (1.84-fold) growth increments were confirmed on this 
variant.
The accumulation of individual compounds was also 
higher on LS media than on MS media. Glycosidic conju-
gates, baicalin and wogonoside were the main metabolites. 
The maximum amounts of baicalin obtained on the MS and 
LS variants were high, and interesting from a practical point 
of view (513.93 and 1838.18 mg/100 g DW, respectively). 
The LS variant with BA (1.0 mg/l) + NAA (0.5 mg/l) was 
the most beneficial medium variant for baicalin accumula-
tion. The highest amounts of wogonoside on the tested MS 
and LS media variants were different and reached 305.92 
and 700.85 mg/100 g DW, respectively. The LS variant with 
BA + NAA (1.0 + 0.5 mg/l) can be proposed also as the best 
“productive” medium for this metabolite. In order to obtain 
high amounts of both compounds (baicalin and wogonoside), 
2-stage cultures can be proposed: first on the MS medium 
(1.0 mg/l BA + 0.5 mg/l NAA), the best for growth incre-
ments, and then on the LS medium (1.0 mg/l BA + 0.5 mg/l 
NAA), which promotes their accumulation. The obtained 
maximum amounts of these two bioactive compounds are 
5.2 times (baicalin) and 7.1 times (wogonoside) higher than 
in the S. baicalensis agar microshoot cultures established 
and cultivated in our laboratory (Kawka et al. 2019).
Only a few researches investigated the biosynthetic poten-
tial of untransformed in vitro cultures of S. lateriflora. In 
shoot cultures, the presence of mainly baicalein (about 0.5% 
DW) and wogonin (about 0.2% DW) was demonstrated, 
whereas in callus tissue only trace amounts of flavonoids 
were found (Nishikawa et al. 1999). The results of our stud-
ies broadened the knowledge of production capacity of cells 
of S. lateriflora microshoot cultured in vitro and documented 
that optimization of culture condition is a useful approach 
to find the best conditions for growth and production of 
metabolites.
In microshoot extracts from the agitated cultures of S. 
lateriflora grown on the tested MS and LS variants, the 
qualitative composition of flavonoids was similar to that 
confirmed in agar cultures. The maximum total amounts of 
flavonoids were high but 1.68–2.18-times lower in compari-
son with agar cultures. They reached 659.54 mg/100 g DW 
(MS variant, 1.0 mg/l BA + 0.5 mg/l NAA), and 1775.19 
and 1371.28 mg/100 g DW (LS variants, 1.0 + 1.0 mg/l and 
1.0 + 0.5 mg/l, BA + NAA, respectively). These two LS vari-
ants could be proposed as good “productive” media for total 
flavonoids in agitated cultures.
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Again flavonoid glycosides, baicalin and wogonoside 
were the quantitatively dominant compounds. The highest 
amount of baicalin reached 491.89 and 842.75 mg/100 g DW 
on the MS and LS variants containing the same concentra-
tions of cytokinin and auxin (1.0 mg/l BA + 0.5 mg/l NAA). 
On LS medium variant (1.0 mg/l BA + 1.0 mg/l NAA) the 
amount of baicalin was slightly lower (440.98 mg/100 g 
DW). LS medium supplemented with BA 1.0 mg/l and 
NAA 1.0 mg/l and with BA 1.0 mg/l + NAA 0.5 mg/l were 
the most beneficial media variants for the accumulation 
of wogonoside (438.26 and 368.60 mg/100 g DW, respec-
tively). The two LS variants presented above were good 
“productive” media for these two metabolites. On this media 
variants, satisfactory enough biomass growth of 3,6- and 
4.25-fold was confirmed. Therefore these variants can be 
proposed as a “universal medium” for growth and flavonoid 
production in agitated cultures.
The maximum amounts of the analyzed compounds 
obtained in the agitated cultures were lower than in the agar 
cultures, but this was compensated for by a more intense 
biomass growth in agitated cultures.
The obtained maximum total amounts of flavonoids in the 
S. lateriflora microshoot agitated cultures tested by us were 
4.0-times higher than those confirmed by us in microshoot 
agitated cultures of S. baicalensis (Kawka et al. 2019). Tas-
can et al. (2010), in a study on stationary liquid cultures of S. 
lateriflora grown on MS medium found greater increases in 
biomass than in agar cultures. The estimated amounts of the 
flavonoids produced by S. lateriflora were also, like in our 
experiment, higher (201.4 mg/100 g DW) than the results 
obtained for S. baicalensis (55.3 mg/100 g DW). However, 
our results are much more attractive because we obtained 
higher amounts of total flavonoids and very high amounts 
of baicalin and wogonoside, the important compounds in 
phytotherapy.
In our agitated cultures, the amounts of bioactive com-
pounds produced were lower than in the agar cultures. Sim-
ilarly, in in vitro cultures of Schisandra chinensis, higher 
amounts of metabolites (dibenzocyclooctadiene lignans) 
were found in agar cultures than in agitated cultures (Szopa 
et al. 2016). However, greater biomass increments in the agi-
tated cultures of S. lateriflora mean that this type of cultures 
can be proposed as a good source of flavonoids specific for 
Scutellaria.
These metabolites are of special interest in phytotherapy, 
as anti-inflammatory, antiallergic, antiviral, hepatoprotec-
tive and photoprotective products (Awad et al. 2003; Zhang 
et al. 2009).
In conclusion, we propose a two-stage agitated cul-
ture system: the first stage on MS medium (1.0  mg/l 
BA + 1.0 mg/l NAA) beneficial for growth increments and 
the second stage on LS medium (1.0 mg/l BA + 1.0 mg/l 
NAA) good for total flavonoid production. The LS variant 
supplemented with BA (1.0 mg/l) + NAA (1.0 mg/l), can be 
proposed as a “universal”, growth and flavonoid production 
medium, too, because on this medium the biomass incre-
ments were enough satisfactory (3.6-fold).
Endogenous accumulation of verbascoside
The HPLC analysis of the extracts documented the pres-
ence of only one phenylpropanoid glycoside: verbasco-
side. The maximum amount of this compound on the 
tested agar LS variants (BA + NAA, 2.0 mg/l each), equal 
to 543 mg/100 g DW, was 1.4 times higher than the maxi-
mum content obtained on the agar MS medium with BA 
(1.0 mg/l) + NAA (1.0 mg/l) (almost 382 mg/100 g DW).
In the agitated cultures, the maximum amounts of 
this compound were markedly lower (4.6 and 1.9 times) 
compared to the agar cultures, on both tested MS and 
LS variants and amounted to 84.52 (MS, BA + NAA, 
1.0 + 1.0 mg/l) and 286.56 mg/100 g DW (LS, BA + NAA, 
1.0 + 1.0 mg/l).
In our experiments with S. baicalensis cultures, the 
highest amounts of this compound in agar cultures were 
higher than in our S. lateriflora cultures and reached 830.9 
and 1003.7 mg/100 g DW on MS and LS media, respec-
tively. In agitated cultures of S. baicalensis, they were 
also high and reached 810.5 and 1115.4 mg/100 g DW 
on the MS and LS medium, respectively (Kawka et al. 
2019). In microshoot cultures of S. lateriflora established 
by another team, no verbascoside was found, whereas in 
callus tissue it was the dominant metabolite (about 2.5% 
DW) accompanied by trace amounts of flavonoids (Nishi-
kawa et al. 1999). In in vitro shoot cultures of other species 
of Scutellaria, such as S. pontica, S. ventenatii, S. orien-
talis, S. taurica and S. alpina presence of verbascoside 
was confirmed (up to 0.3% DW). In Verbena officinalis 
callus cultures established in our laboratory, cell metabo-
lism was selectively focused on verbascoside production. 
In agar cultures, we obtained a very high amount of this 
metabolite of 2.45 g/100 g DW on the MS medium sup-
plemented with BA (1.0 mg/l) + IBA (1.0 mg/l) (Kubica 
et al. 2017). In another experiment, we obtained extremely 
high amounts of this compound 6.71 and 6.02 g/100 g DW 
under blue and blue/red (30/70%) LED lights, respectively, 
but quantities of other analyzed metabolites, like phenolic 
acids were very low (Kubica et al 2020).
Verbascoside is a compound with proven antioxidant, 
anti-inflammatory, analgesic, immunomodulatory, antineo-
plastic, hepatoprotective and antiviral properties (Alipieva 
et al. 2014). Our results (max 543.17 mg/100 g DW in 
agar cultures and max 286.56 mg/100 g DW in agitated 
cultures) obtained with S. lateriflora in vitro culture are 
satisfactory, because they are associated with high pro-
duction of specific flavonoids. The maximum amounts 
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of verbascoside in agar culture were confirmed on other 
media variants than those proposed as good for flavonoid 
production, but in agitated culture, the LS variant with 
BA (1.0 mg/l) + NAA (1.0 mg/l) was good for produc-
tion of both baicalin and wogonoside. In this situation, we 
can propose this variant as “productive medium” for three 




3,4-DAc, the only one among 19 estimated phenolic acids, 
was found in biomass from the agar cultures grown only 
on the tested LS variants. Depending on the concentra-
tion of PGRs, its amount increased 9.4-fold. The maxi-
mum content reached about 70 mg/100 g DW (2.0 mg/l 
BA + 2.0 mg/l NAA). The presence of this compound was 
confirmed in methanolic extracts of biomass from all tested 
MS and LS variants in agitated cultures and its amount 
increased, depending on the concentration of PGRs, by 
8.0- and 50.3-fold. The maximum content confirmed on the 
LS medium with BA (0.5 mg/l) + NAA (2.0 mg/l), equal 
to 131.66 mg/100 g DW, is of practical interest. Interest-
ingly, we also confirmed the presence of this compound in 
in vitro cultures of S. baicalensis, S. subvetulina, S. albida 
and S. columnea (51.20, 52.78, 604.06, 50.47 mg/100 g DW, 
respectively) (Kawka et al. 2019). In addition, we confirmed 
its presence in our agitated microshoot cultures of H. perfo-
ratum cvs. - Elixir, Helos, Topas, (31.66–129.99 mg/100 g 
DW). Particularly high amounts of this compound were 
documented in cv. Helos (129.29 mg/100 g DW) on the LS 
medium containing BA + NAA, 1.0 mg/l each (Kwiecień 
et al. 2015). This compound has proven antiproliferative and 
apoptotic properties (Kampa et al. 2004).
Production of arbutin via biotransformation 
of exogenous substrates
After optimization of conditions for the exogenous HQ bio-
conversion process, we obtained interesting results from 
a practical standpoint (5.63 g/100 g DW arbutin), higher 
than usually obtained 0.43–2.95 g% DW (without continu-
ous precursor supply) (Duškova et al. 1999). This content is 
higher than results of our experiments with cultures of Ori-
ganum majorana (5,26 g/100 g DW) (Skrzypczak-Pietraszek 
et al. 2017) and Schisandra chinensis (3.90 g/100 g DW) 
(Szopa et al. 2017) but lower than for Hypericum perfo-
ratum (7.21 g/100 g DW), Ruta graveolens (7.80 g/100 g 
DW) (Piekoszewska et  al. 2010), Aronia melanocarpa 
(8.27 g/100 g DW) (Kwiecień et al. 2013), A. arbutifolia 
(8.36 g/100 g DW) and A. × prunifolia (7.36 g/100 g DW) 
(Szopa et al. 2018). Obtained by us maximum content of 
arbutin exceeds that requires by Polish Pharmacopoeia XI 
for Vitis idaeae folium national monograph (4.0%).
Our results indicate that cell metabolism in S. lateriflora 
microshoot culture is selectively focused on biosynthesis 
of flavonoids with glucuronic acid unit, i.e. baicalin and 
wogonoside, and verbascoside with another carbohydrate 
units (glucose and rhamnose).These results documented the 
presence of glucuronidases and other glucosidases in the 
cells of tested microshoots cultures. Our results connected 
with bioconversion indicate that the cells are also rich in 
β-d-glucosidases. Efficiency of biotransformation of HQ in 
to arbutin is low (0.72–15.06%), what could indicate that 
glucuronidases dominate in the cells. Arbutin is a valuable 
compound because of its use in the treatment of urinary tract 
infections as a disinfectant, and also in dermatology and 
cosmetology for removing skin discoloration (Ekiert et al. 
2013; Migas and Krauze-Baranowska 2015).
An interesting result is the confirmation of the bioconver-
sion of exogenous 4-HBAc into arbutin by us. In our earlier 
researches with in vitro cultures of R. graveolens, R. g. ssp. 
divaricata, A. melanocarpa and S. chinensis, this precursor 
was not transformed into arbutin. Surprisingly, in those cul-
tures, we obtained, very interesting results from a theoretical 
point of view, namely, a mixture of two products: 4-HBAc 
β-glucopyranosyl ester and 4-HBAc 4-O-β-glucopyranoside 
in different proportions (Kwiecień et al. 2013; Szopa et al. 
2017).
Our results have documented the high biosynthetic 
potential of the cell of S. lateriflora microshoots cultured 
in vitro for endogenous accumulation of biologically active 
metabolites—baicalin, wogonoside and verbascoside and 
for production of arbutin via β-d-glucosylation of HQ. We 
proposed the agitated cultures of S. lateriflora as a potential 
rich source of these important in phytotherepy compounds.
Conclusions
Our results documented the influence of PGR concentration 
in the MS and LS media on growth increments and biosyn-
thetic potential of S. lateriflora cells cultivated in vitro in 
two types of culture, i.e. agar and agitated cultures. The MS 
media were more beneficial for biomass increments, on the 
other hand, LS media were more favorable for metabolite 
production. Higher total amounts of Scutellaria specific fla-
vonoids and verbarscoside were obtained in agar cultures, 
but the biomass increments were low. Cells of S. lateriflora 
in both tested types of culture produce glycosidic conju-
gates—baicalin and wogonoside, and also verbascoside as 
the main compounds in amounts interesting from a practical 
point of view. The maximum amounts of these metabolites 
obtained in agar cultures are as follows: baicalin—1838.18, 
wogonoside—513.93 and verbascoside—543.17 mg/100 g 
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DW. In agitated cultures, the amounts were lower but still 
high: baicalin—842.75, wogonoside—438.26 and ver-
bascoside—286.56 mg/100 g DW. In order to obtain high 
amounts of these three metabolites, 2-stage agitated culture 
system can also be proposed: first stage on the MS “growth” 
medium, and then the second stage on the LS “productive” 
medium (the media variants with the same concentrations 
of PGRs, 1.0 mg/l BA + 1.0 mg/l NAA). Cells of microshoot 
agitated cultures also convert exogenous HQ into arbutin 
(max. 5.63 g%). High amounts of glucuronides and confir-
mation of β-d-glucosylation of HQ indicate that cells of S. 
lateriflora are rich in glycosidases. Our results documented 
that the microshoot culture of S. lateriflora, established by 
us, is a rich source of bioactive metabolites and valuable 
model for biotechnological experiments. The next stage of 
the experiment should involve maintaining S. lateriflora in 
vitro cultures in commercially available bioreactors, RITA 
and PlantForm, constructed especially for maintaining the 
microshoot cultures.
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